The structure of ethylene adsorbed on the Pt(lll) surface has been intensively investigated 1 -7 in the last few years and a progression of different surface phases is believed to form with increasing temperature. At 270-SOOK, the ethylene over layer was· found to partially dehydrogenate and form a ( 2x2)
• lattice of ethylidyne (:c-CH 3 ) with a one-quarter monolayer coverage.
Although this Low Energy Electron Diffraction (LEED) result 8 was somewhat controversial at first, it has now been supported by High Resolution Electron Energy Loss· Spectroscopy (HREELS)9,10 and Angle-Resolved Ultraviolet
Photoelectron Spectroscopy (ARUPS). 11
Interestingly, Rh(lll) 12 , Pd(lll) 13 , and Pt(lOO) 14 have ethylene overlayers with HREEL spectra nearly identical to those of the ethylidyne structure on Pt(lll), indicating that the same species forms on these surfaces.
The vibrational study on the Rh(lll) surface showed that two different ethylidyne phases form as a function of temperature. Between 230 and 270 K a (2x2)
...;:.:------lattice of ethylidyne appears at a one-quarter monolayer coverage, while heating to 270-420 K produces a c( 4x2) lattice of ethylidyne with the same coverage. Above 420 K, the carbon-carbon bond breaks leaving a C-H species present on the' surface to 700 K.
In this paper, we shall present a structural determination of the Rh(lll)-(2x2)-~H 3 phase using a LEED intensity analysis. Our study confirms the ethylidyne model found by HREELS. Although LEED is not sensitive to the hydrogen positions, the carbon-carbon and metal-carbon distances that we find . .
are most consistent with the ethylidyne model. Besides confirming the HREELS • result, our study provides additional bonding information on the ethylidyne species. First, ethylidyne is clearly shown to stand above an hcp hollow site rather than the fcc hollow found for ethylidyne on Pt(lll). This change in 3 adsorption site could be caused by the presence of coadsorbed hydrogen on Rh(lll). Second, the measured carbon-carbon (1.45A) and metal-carbon (2 .03A) bond distances for ethylidyne on Rh(lll) can be explained by a-n hyperconjuga~ tion. That is, the lower (or apical) carbon atom in ethylidyne is probably carbynic (sp-hybridized) permitting effective delocalization of the C-H group's a-bond electrons into the metal valence band. The ethylidyne bonding to the surface can be imagined as a non-directional triple bond rather than three separate sp 3 orbitals pointed toward different Rh atoms. Substantial evidence for this unusual bonding arrangement is ·also present in similar organometallic clusters, such as ao 3 (ao) 9 cCH 3 •
Experimental
The rhodium crystal of >99.9% purity was cut to within 1/2° of ·the (111) plane and mechanically polished with a sequence of alumina emery papers and -1 ~ diamond paste. The crystal was mounted on rhodium foil that in turn was attached to a Varian -manipulator; the "flip" mechanism available was modified to allow an azimuthal rotation of about 90°. Before the manipulator was inserted into the UHV chamber, the crystal surface normal and the aziinuthal rotation axis were made parallel to within 1/2° by laser reflection. The vacuum system is equipped with four-grid LEED/Auger optics, glancing incidence Auger electron gun, and a quadrupole mass spectrometer head; the base pressure remained at Sxlo-10 -lxlo-9 torr during the experiments with the major background gas constituents being ~ and OJ.
An Auger electron spectrum 15 of the crystal after only a few cleaning cycles showed substantial sulfur and boron as well as smaller chlorine and carbon peaks. Boron (a 17 ppm bulk impurity) proved most troublesome to remove; extended Ar+ bombardments (l-3~amps, 1.2kV), that were frequently 4 interrupted with five minute annealing at 800° C or o 2 treatments (flowing Sxlo-7 torr o 2 at 700° C), were needed to largely deplete the near surface region of boron. The sulfur and boron peak heights were then reduced to small values 15 that remained constant even after many additional cleaning cycles.
The residual, probably subsurface, oxygen seen by Thiel et a1. 16 after o 2 treatments is just below the detection limit of our retarded field Auger spectra 15; but our Rh(lll)-( 2x2)-CzH 3 diffraction beam intensity spectra did not change when oxygen treatments were used for sample cleaning rather than Ar+ bombardments.
Before ethylene exposures, the crystal was routinely flashed to 400°C to remove pre-adsorbed carbon monoxide and hydrogen; the crystal would then cool to -30° C in less than ten minutes. However, carbon monoxide would be displaced from the chamber walls during the ethylene exposure and would then coadsorb to give approximately a .OS monolayer coverage, as determined by thermal desorption yield experiments.
After an ordered ethylene overlayer was obtained, the intensity vs.
voltage (I-V) curves for the various diffraction beams were collected using a photographic method, similar to that already described. 17 A Beattie Varitron view camera (fitted with a Bencher external shutter and an 85 mm, f1.8 Nikon lens) was adjusted for the maximum aperture and a 1/2 sec exposure time to , photograph the LEED pattern displayed on a fluorescent screen; a high speed Kodak film (panchromatic 2484) was also used. The photographs of the LEED spot pattern, taken at 2eV intervals, were digitized with a scanning microdensitometer; the resulting density map at successive energies was converted with a new computer program into the desired I-V profiles. The resulting I-V curves were checked for a three-fold symmetry at normal incidence (6=0°) and a remaining mirror-plane symmetry off normal incidence (6~0, ~=0°); in addition, .0086~mp-sec-1 for ethylene, a 2 = .0088~amp-sec-1 for carbon monoxide).
In _light of this sensitivity, the electron beam damage was minimized by 6 moving the beam across the crystal during photography, 18 thus limiting the electron beam exposure of any given region of the surface to less than 25J.Jampsec. As a result, the LEED spots associated with the ethylene overlayer would stay within 5-10% of their maximum intensity during photography.
LEED Theory
The LEED calculations for the Rh(lll)-(2x2)-C2H 3 structure were performed with convergent multiple scattering through renormalized forward scatter-
The rhodium atoms are represented by a band structure nuffin-tin potential, 20 used in previous LEED calculations for rhodium surfaces. 15 ' 21
For the adsorbed molecular species we used the approach indicated by Kesmodel Yet the contours for the hcp hollow site are much steeper than those for the bridge site.
To confidently distinguish between these two models, we moved to the intensity curves (thirty-nine independent beams) taken at three off-normal incidence angles. Figure 5 shows the R-factor contour plots for the hcp hollow and bridge sites at each of the three off-normal incidence angles. The R-factor minima for the hcp hollow site are significantly lower than those for ' " should be realized that the adsorbed ethylene has only a quarter-monolayer coverage so there are still other fcc hollow sites present on the surface for ethylidyne to occupy at 230K if it were sufficiently mobile.
In Table II , we list the bond lengths for ethylidyne on Rh and Pt(lll).
We notice that the carbon-carbon distance is longer and the carbon covalent radius shorter for Pt than Rh. These differences may be explained by the different hollow sites that ethylidyne occupies on Rh and Pt, as we will see in the next section. organometallic, and surface species. The single bonds in these species acquire some double-bond character due to resonance. For diacetylene, the carbon-carbon single bond is shortened to 1.37A from delocalization of the ~ electrons, while for propylene, the carbon-carbon single bond is shortened to 1.51A due to a-~ hyperconjugation. We notice that the apical carbon in ethyl-"· idyne appears to be sp 2 -hybridized in ( cn) 9 eo 3 C-CH 3 but sp-hybridized in Rh(lll)-(2x2)-CCH 3 • This is to be expected since the metal valence band can better delocalize the C-H a-bond electrons than the trinuclear cluster can and thus can better afford to pay for the energetically costly sp-hybridization of the lower carbon atom.
If the carbon-carbon distance in surface ethylidyne is shorter than that in the corresponding clusters, we expect the carbon-metal distance in surface ethylidyne to be longer than its organometallic counterpart. Table IV indeed shows the covalent radius of the apical carbon in surface ethylidyne to be about 0.69A and in the clusters to be about 0.66A; these values are very consistent for all the organometallic compounds listed on the one hand and for the different polar-angle measurements of the surface species on the other.
Thus, the structural evidence for the organometallic compounds, M 3 (ao) 9 CCH 3 , and the Rh(l11)-( 2x2)-CzH 3 over layer indicates a sp-hybridized apical carbon and significant a-~ hyperconjugation in the surface ethylidyne group. Table V summarizes the complementary electronic evidence available on the organometallic cluster, eo 3 (ao) 9 cCH 3 , for-sp 2 -hybridization and o-n hyperconjugation.
Let us now consider the bond lengths for ethylidyne on the Pt(lll) surface that are listed in Table II . The larger carbon-carbon distance and much shorter carbon covalent radius found on the Pt surface may arise because no Rfactor analysis was used to interpolate between the tested bond distances.
Yet another explanation can account for the different bond lengths of ethyli-'" 13 dyne on Rh and Pt. On Pt, the ethylidyne stands above a fcc rather than hcp hollow site; this could pull the apical carbon of ethylidyne into the hollow site and increase the sp-dz2 overlap with the third layer Pt atom. In turn, the apical carbon's sp 3 -orbital overlap ~ith the dxz' ~z metal orbitals would strengthen and thereby reduce the chance for sp-rehybridization and a-~ hyperconjugation. 
